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1. Introduction 
Microtubule protein,purified by cycles of assembly 
and disassembly, contains associated non-tubulin 
proteins, which include two high-molecular weight 
proteins termed MAP, and MAP* [l-4]. MAP, is of 
particular interest, as it is the preferred substrate for 
phosphorylation by an endogenous CAMP-dependent 
protein kinase [S-9]. In [3-51 the MAP, protein 
was reported to be phosphorylated to the extent of 
3 mol/mol protein in the presence of CAMP. In [7, 
1 OJ 1 ] a phosphoprotein phosphatase has been 
reported and the protein kinase/phosphoprotein 
phosphatase suggested to determine the final extent 
of phosphorylation [7]. The existence of such an equi- 
librium hinders any calculation of the maximum num- 
ber of phosphorylation sites. Here, we examine the 
pattern and stoichiometry of phosphorylation of 
microtubule protein as a function of ATP concentra- 
tion, and observe that the stoichiometry of MAP, 
phosphorylation is significantly higher than in earlier 
reports. 
2. Materials and methods 
2.1. Preparation of microtubule protein 
Microtubule protein was purified by cycles of 
assembly and disassembly from day-old chick brains 
in the absence of glycerol. Chick brains were homog- 
enised in an equal volume (w/v) of MAB buffer 
(0.1 M 2-(N-morpholino)ethane sulphonic acid- 
2.5 mM ethyleneglycol-bis-(/3-aminoethylether) N, N’- 
tetraacetic acid-O.5 mM MgS04-0.1 mM ethylene 
dinitrilo-tetraacetic acid-O.1 mM dithiothreitol, 
pH 6.4). The homogenate was centrifuged for 30 min 
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at 20 000 X g at 4°C. The supernatant was adjusted 
to 1 mM GTP and incubated for 10 min at 37”C, then 
centrifuged for 30 min at 20 000 X g at 30°C. The 
microtubule pellet was then homogenised in MAB, 
using 10% of the initial homogenisation volume, and 
cold dissociated for 30 min at 4°C. After centrif- 
ugation at 65 000 X g at 4°C for 30 min to remove 
the cold-stable material, the supernatant was read- 
justed to 1 mM GTP, incubated at 37°C for 25 min, 
and centrifuged for 30 min at 30°C at 65 000 X g. The 
pellets were homogenised in an appropriate volume 
of MAB buffer, and cold-dissociated for 30 min. The 
protein was centrifuged for 30 min at 65 000 X g at 
4”C,and the 2 X colddissociated protein in the super- 
natant (7-10 mg/ml) was stored in liquid nitrogen. 
2.2. Phosphorylation of microtubule protein 
The 2 X cold-dissociated microtubule protein was 
thawed, and used immediately withhout further puri- 
fication. Typically, the assay volume was 100 ~1: 
50 ~1 MAB-2 PM CAMP-~ mM MgSO,-200 PM 
podophyllotoxin (to inhibit microtubule polymerisa- 
tion [ 12])-40 1.11 microtubule protein in MAB and 
10 yl of the appropriate concentration of [T-~~P]ATP 
and unlabelled ATP, added immediately before the 
incubation period. The assays were incubated at 37°C 
for 25 min, at which time the reaction was terminated 
by either trichloroacetic acid precipitation or by the 
addition of SDS, depending upon the subsequent 
treatment of the samples. For determination of the 
total trichloroacetic acid-precipitable counts, a 20 ~1 
aliquot was added to 250 ~1 10% trichloroacetic acid 
and 50 1.18 bovine serum albumin was then added to aid 
the precipitation of the protein. The protein was col- 
lected onto glass fibre discs (Whatman GF/C ,2 1 mm), 
which were washed with sufficient (10 X 9 ml) 5% 
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trichloroacetic acid to ensure complete removal of 
any free [Y-~‘P] ATP. The discs were then washed with 
ethanol to remove the residual trichloroacetic acid 
and counted in a liquid scintillation counter (Beckman 
LS-150) in a scintillant of 0.5% 2-(4’-tert-butylphenyl)- 
5(4”-biphenylyl)-1,3,4-oxadiazole/toluene. A back- 
ground of either an assay mixture lacking microtubule 
protein or one containing protein, but stopped at to 
was routinely subtracted. Inputs were determined by 
drying appropriate aliquots of the reaction mixture 
onto glass fibre discs. 
2.3. SDS-polyacrylamide gel electrophoresis 
SDS-polyacrylamide gel electrophoresis was per- 
formed essentially as in [ 131. The reaction in 50 ~1 
phosphorylation assay was terminated by the addition 
of an equal volume of Laemmli tracking buffer, and 
boiled for 2 min. The gels were stained with 0.025% 
Coomassie brilliant blue-lo% acetic acid-25% iso- 
propanol, and destained in 10% acetic acid [ 141. As 
free ATP migrated with the solvent front, the gels 
were extensively destained with frequent changes of 
the acetic acid to ensure that the background of unin- 
corporated [Y-~*P] ATP was low. The gels were scanned 
with a Gelman gel scanner, equipped with a digital 
peak area printout. To measure incorporated ‘*P, the 
gels were sliced into 0.5 mm slices, using a Mickle gel 
. 
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Fig.1. Phosphorylation of microtubule protein by an endoge- 
nous cAMPdependent protein kinase. Time course of incor- 
poration of ‘*P into trichloroacetic acid-precipitable protein. 
Microtubule protein (2.94 mg/ml) was incubated at 37°C 
with 500 PM ATP. 
ATP concent ration, pM 
Fig.2. Endogenous phosphorylation of microtubule protein as a function of [ATP]. Incorporation of “P into trichloroacetic acid- 
precipitable protein as a function of [ATP] (l-500 PM). The protein was incubated under standard reaction conditions. The 
mol/mol 32P/MAPI ratios were calculated as in section 3. 
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slicer, dried onto filter paper (Whatman no. l), and 
counted in a liquid scintillation counter. 
2.4. Protein ~stim~tion 
Protein concentrations were determined as in [ 151, 
using bovine serum albumin as the calibration standard. 
2 5. Materials 
All biochemical reagents were purchased from 
Sigma (London) Chemical Co. Other reagents were 
of ‘Analar’ grade. [Y-~‘P] ATP (15.3 Ci/mmol) was 
purchased from the Radiochemical Centre,Amersham. 
3. ResuIts and discussion 
When 2 X cold-dissociated microtubule protein is 
incubated with 500 PM [T-~~P]ATP, there is a rapid 
incorporation during the first 5 min 32P into trichloro- 
acetic acid-precipitable protein (fig.]). There is no 
apparent lag phase, the half-maximal is reached in 
1-7 min and, although there is a slight fall with time, 
the plateau value is maintained for at least 30 min. 
The inclusion of 20 mM NaF reduced the fall with 
time, but had negligible effect on the plateau value. 
NaF was not routinely included,as it exerts side effects 
on the properties of the microtubule protein (unpub- 
lished) and as there was only a slight decrease of the 
plateau value with time. 
Incubation of microtubule protein with an increas- 
ing concentration of [y-32P]ATP (I-500 PM) shows 
a concentration-dependent increase in the amount of 
32P incorporated into tri~hloroa~etic arid-pre~ipitable 
protein (fig.2), with the piateau value being attained 
at >500 PM ATP. The protein was fractionated on 
SDS-polyacrylamide gels (fig3).The absorbance scan 
(fig3a) reveals two major protein bands, one at 
3OOOOOM~ which constitutes 19% of the total protein 
and is identi~ed as MAP,,and another at app.M, 
55 000, which constitutes 65% of the total protein 
and which is tubulin [ 11. Although various minor bands 
Fig.3. Pattern of phosphoryiation of microtubule protein as a 
function of the ATP concentration. ~jcrotubute protein 
(4.83 mg/ml) was incubated at 37°C for 25 min with (b) 11 GM 
ATP, (c) 81 GM ATP, fd) 504 PM ATP and fractionated on 
6% polyacrylamidepels. The gelswere stained with Coomassie 
brilliant blue, scanned at 500 nm (typical example: (a)), and 
sliced into 0.5 mm sections (b-d). The radioactivity was 
determined by scintillation counting. The peak slices of gels 
(b-d) contain 6,6 and 16 X lo3 cpm/shce.The same amount 
of protein was loaded onto each gel. 
appearing on the gel are phosphorylated (fig3b-d), 
29% of the total incorporated “P comigrates with 
MAP,. The pattern of incorporation is not signi~~antly 
different on increasing the concentration of ATP (e.g., 
a I /I 
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fig.3b-d). No single component is selectively labelled 
at high ATP concentrations. 
The stoichiometry of 32P incorporation into MAP, 
(fig.2) was calculated by applying the following cor- 
rections and assumptions to the total trichloroacetic 
acid-precipitable counts: 
(i) The residual background [y-3ZP]ATP in the gel 
slices after destaining was calculated from the 
mean of 5 slices taken immediately ahead of the 
solvent front. The total counts recovered from 
the gels after correction for background and decay 
average 110% of the trichloroacetic acid-precipi- 
table counts, indicating that the two methods are 
comparable. 
(ii) Coomassie brilliant blue stains the tubulins and 
the microtubule-associated proteins quantitatively 
and with the same colour development over the 
ranges applied. 
(iii) Bovine serum albumin and the microtubule pro- 
teins show the same degree of colour development 
in the Hartree reaction. 
(iv) The app.M, MAP* is 300 000 [5]. 
(v) MAPa constitutes 19.3% of the total protein (e.g., 
fig.3, mean of 8 det.). 
(vi) The incorporation of 32P into MAP, constitutes 
29% of the total incorporated counts (e.g., fig.3, 
mean 8 det.). 
A curve similar to that derived from the trichloro- 
acetic acid-precipitable counts is observed when the 
stoichiometry is calculated from the counts comigrat- 
ing with the MAP2 peak, the MAP1 content deter- 
mined from densitometric tracings of the individual 
stained gels, and_ the application of the corrections 
and assumptions (i)-(iv) above. 
Maximal phosphorylation is not observed (fig.2), 
even at high ATP concentrations, but the maximal 
value can be determined from a double reciprocal plot 
of mol/mol ‘*P/MAP, and the ATP concentration 
(fig.4). Such a double reciprocal plot diverges from 
linearity at low ATP concentrations, possibly due to 
the presence of various ATPases [6,9], lowering the 
effective ATP concentration. We have confirmed, by 
thin-layer chromatography, that extensive ATP hydro- 
lysis has occurred at low ATP concentrations by the 
end of the 25 min incubation period. This hydrolysis 
reflects in part dephosphorylation of labelled MAPS 
and can be reduced by the inclusion of NaF. However, 
even under these conditions, the maximal extent of 
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Fig.4. Double reciprocal plot of the mol/mol “P/MAP, vs 
l/[ATP] of the data shown in fig.2. Insert: Expansion of the 
intersect. 
phosphorylation, compared with the use of high ATP 
concentrations, is not observed. Hydrolysis and turn- 
over are minimal at high ATP concentrations and the 
double reciprocal plot of this portion of the curve 
shows an intercept of 1 O-12 mol/mol 32P/MAP, 
(fig.4 insert). 
This value contrasts with the reported stoichiom- 
etry of 2 mol/mol [5] or the more recent value of 
3-4 mol/mol [7], both of which were determined 
using low ATP concentrations. The use of such sub- 
optimal concentrations raises a number of difficulties. 
Preparations of microtubule protein contain a number 
of enzymatic activities, including nucleoside diphos- 
phate kinase [ 161, the GTPase intrinsic to tubulin 
[ 171, and the phospho protein phosphatase, which 
cumulatively reduce the effective ATP concentration. 
ADP has been shown to inhibit the protein kinase of 
bovine brain at low ATPconcentrations [ 18],and this 
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necessitates the use of ATP concentrations consider- 
ably above the Km for the protein kinase [ 191. It is 
also possible that different workers are using prepara- 
tions of microtubule protein containing different pro- 
tein kinases. For instance, optimal concentrations of 
CAMP have been shown to double the number of 
phosphorylated residues [5,6] and that the heat-stable 
protein inhibitor abolishes this stimulation [6]. By 
contrast, other preparations exhibit a 5-fold stimula- 
tion and all the protein kinase activity is sensitive to 
this inhibitor [8]. 
MAP, is the major protein phosphorylated, 
although a number of minor components are also 
labelled, havingM,-values of 280,240,220,190,130 
and 70-80 X lo3 (fig.3). The pattern is independent 
of the ATP concentration (fig.3a-c) and, as the 
observed kinetics for the phosphorylation of these 
proteins is the same as for MAP, (unpublished), it is 
possible that they are breakdown products of MAPz, 
as suggested on the basis of immunological cross-reac- 
tion [20]. 
The function of the observed phosphorylation of 
these microtubule-associated proteins by an endoge- 
nous cAMPdependent protein kinase is unknown. 
MAP, is known to form regular projections from the 
outer surface of the microtubule [202 1 ] with a perio- 
dicity of 1 MAP* projection/32 nm, equivalent to 
1 MAP, subunit/9 tubulin dimers at saturating MAP 
levels [22,23]. Consequently, the multiple phospho- 
rylation sites of MAP (1 O-l 2 mol/mol) may be 
involved in the interaction between MAP and tubulin, 
with ATP as one of several factors which modulate 
the interaction. 
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